Capillary (transverse) ripples are generated at a monolayer-covered air-water interface. Compression of the monolayer changes the surface dilatational modulus E and the reduced elasticity s/o. of the monolayer. When the reduced elasticity reaches a particular value, resonance between the capillary wave and the longitudinal wave should occur. Longitudinal waves (lateral oscillations, modulation of the average distances of the molecules) are detected by using energy transfer (Fiirster type) between dye molecules incorporated in the monolayer. Capillary ripples are detected by specular reflection of a laser beam from the water surface. The dependence of the longitudinal and the transverse wave characteristics on the area per molecule was investigated, and the resonance phenomenon was observed near the theoretical value of s/a for the resonance condition.
INTRODUCTION
Capillary waves have been investigated at the monolayer-covered air-water interface by electrostatic deflection '. Under particular conditions this tranverse mode is in resonance with the longitudinal modez*3, which can be considered as a periodic change in the surface density of the amphiphilic molecules. Characterization of both wave types is very sensitive to interference of the detector with the air-water interface. Thus the propagation of both wave modes has been studied using optical methods which do not disturb the surface mechanically and allow the determination of wavelength and damping constant. The propagation of the capillary wave has been determined by the analysis of the reflection of a laser beam under normal incidence'*4*5. In this paper we report the propagation characteristics of longitudinal waves in a mixed monolayer containing an energy transfer couple, which we monitored by measuring the sensitized fluorescence of the energy acceptor at 500 nm after excitation of the energy donor at 366 nm and distance-dependent Fdrster-type lateral energy transfer6. By scanning the reflected laser beam and the sensitized acceptor fluorescence in the propagation direction, both wavelength and damping constant of the two wave modes have been determined at different surface pressures, or areas per molecule. The results are compared with the hydrodynamic theory.
THEORY
The hydrodynamic theory predicts as a result of the resonance between transverse and longitudinal modes of surface excitation a maximum of the damping constant of the capillary wave while the amplitude of the longitudinal wave has a maximum 7. Lucassen has shown that resonance occurs when the surface dilatational modulus satisfies the condition e = em with the following expression for the surface dilatational modulus 2' v's:
Calculation of the reduced elasticity e/a from eqn.(1) yields the value 0.09 (dimensionless; with v= 60Hz, qs= 10mP, 2= 5mm, p = 1000kgm -3 and a = 72mNm-1).
Combination of the dispersion relations of capillary and longitudinal waves 2'4 under the resonance condition (k = kL = kT, same generation frequency v) leads to the following equation for the reduced elasticity at resonance:
This equation yields the value 0.06 with the parameters given above. We have also calculated the reduced elasticity of the monolayer from ~-A isotherm data.
Longitudinal waves modulate the average distance between the energy donor and the energy acceptor molecule incorporated in the monolayer. The efficiency of the energy transfer process depends on the distance between donor and acceptor molecules 9, and thus the presence of a longitudinal wave should lead to the modulation of the sensitized fluorescence of the acceptor molecule. The coupling of the longitudinal mode may be qualitatively represented by the extrapolated amplitude Go of the fluorescence intensity modulation at the site of electrostatic generation. Energy transfer 1°'1a has been investigated in biological membranes including the theoretical treatment of lateral transfer in two-dimensional systems 12, ~ 3.
EXPERIMENTAL SECTION

Excitation and detection of capillary waves
The transverse waves are generated by the electrostatic deflection of the interface with an inhomogeneous electric field between a metal blade and the water surface (blade: 80ram long, 0.02mm thick; distance between blade and water surface, less than 1 mm). For the excitation a sinusoidal voltage (60Hz, 125 V) is applied to the blade 1. The He-Ne laser beam is focused on the water surface and the reflection angle is measured with a differential photodiode. The wave characteristics are determined by scanning along the propagation direction (stroboscopic method) 14.
Excitation and detection of longitudinal waves
The longitudinal waves are generated without contacting the interface by resonance with the capillary mode. The fluorescence intensity measurements are made by using a specially designed quartz fibre optics head with an extension of 0.3 mm in the propagation direction of the waves (less than 1/10 of the wavelength) and 80 mm perpendicular to it. The donor molecule $9 (the structure is shown in Fig. 1 ) is excited with a mercury lamp at 366 nm. The modulation of the acceptor fluorescence ($8; for structure see Fig. 1 ) by the longitudinal wave is detected at 500 nm using the stroboscopic method. Interference filters are used to select both excitation and detection wavelengths. 
Monolayer preparation
The subphase used was Milli-Q water buffered at pH 10.6 with 0.01 M phosphate buffer. The optical and spectroscopic system was adjusted and the wave characteristics on the clean water surface were determined. Then a mixed chloroform solution (5mM) with $8:$9:C2o = 1:1:50 (matrix molecule:C2o, arachidic acid) was spread. Subsequently the monolayer was compressed stepwise to given surface pressures (measured by a Wilhelmy balance) and the wave characteristics were determined. The complete system was mounted on a vibrationally damped table. Figure 2 shows the propagation characteristics of a capillary wave in the presence of the mixed monolayer $8: $8: Czo = 1:1:50. Figure 3 Fig. 3 ) at zero scanning distance related to the strongest observed modulation ~max. modulation of the sensitized acceptor fluorescence. For the capillary waves, the relative damping constants ~a20 are plotted vs. area per matrix molecule in Fig. 4 (circles). The full circles in Fig. 4 show the fluorescence intensity modulation amplitude extrapolated to scanning distance of 0 mm (Go, shown in Fig. 3 ) related to the strongest modulation ~max-The strongest damping of the capillary waves is observed between 0.26 and 0.27 nm 2 for the area per matrix molecule where the sensitized acceptor fluorescence modulation also has a maximum. The occurrence of maxima in both plots for areas per matrix molecule between 0.26 and 0.27 nm 2 is due to the resonance between the two wave modes. In this range the calculated reduced elasticity of the monolayer is about ~/a = 0.1. According to eqns. (1) and (2) resonance should occur when the reduced elasticity is between 0,06 and 0.09.
DETECTION OF CAPILLARY AND LONGITUDINAL WAVES
CONCLUSIONS
Longitudinal waves have been generated in monolayers at the air-water interface via resonance to capillary (transverse) waves. Lateral energy transfer between donor and acceptor molecules incorporated in the monolayer is modulated by the passage of the longitudinal waves. This enables the determination of the characteristics of longitudinal wave propagation. The resonance phenomenon was observed at a low surface dilatational modulus. This is in agreement with the theoretical predictions.
